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Abstract
Juice appearance is important to consumers, so digital juice with a slider that varies a production parameter
or changes juice content is useful. It is however challenging to render juice with scattering particles quickly
and accurately. As a case study, we create an appearance model that provides the optical properties needed
for rendering of unfiltered apple juice. This is a scattering medium that requires volume path tracing as the
scattering is too much for single scattering techniques and too little for subsurface scattering techniques. We
investigate techniques to provide a progressive interactive appearance prediction tool for this type of medium.
Our renderings are validated by qualitative and quantitative comparison with photographs. Visual comparisons
using our interactive tool enable us to estimate the apple particle concentration of a photographed apple juice.
Categories and Subject Descriptors (according to ACM CCS): I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—
1. Introduction
Quoting a food science article: “the visual appearance of
a cloudy drink is a decisive factor for consumer accep-
tance” [Bev02]. We therefore believe that appearance predic-
rendering photograph
Figure 1: Cloudy apple juice photographed and rendered
using our appearance model. In the model, apple particle
concentration (0.8 g/l) and apple storage period (4 days)
were selected to match the photograph.
tion is highly relevant in the beverage industry of the future.
It is important to predict the visual effect of a production pa-
rameter being modified, so that production parameters may
be optimized without negative impact on the visual quality
of the product. An appearance model also potentially enables
analysis of product properties using camera sensors.
The cloudy part of a beverage typically consists of oil
droplets or fruit flesh. We use Lorenz-Mie theory to go from
a particle size distribution of fruit flesh particles, for ex-
ample, to the scattering properties that we would use in a
volume rendering [FCJ07]. Once the scattering properties
are available, there are many ways to render the medium.
However, in the case of a cloudy beverage, the scattering
is neither low enough for single scattering techniques nor
high enough for subsurface scattering techniques. We thus
use full volume path tracing [Rus88], which quite accurately
predicts the appearance of milk [FCJ12].
The complex refractive indices (n = n′ + in′′) of host
liquid and particle inclusions are required as input for the
Lorenz-Mie theory. In many cases, these parameters depend
to some degree on production parameters. In addition, the
concentration of particles is often a production parameter.
This enables us to build appearance models that are parame-
terized by production parameters. As a case study, we build
such an appearance model for apple juice.
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The ability to quickly test the visual influence of different
parameters is one of the key advantages of material appear-
ance prediction. This advantage is however hampered by the
very long rendering times that we typically experience with
full path tracing of multiple scattering in a volume. To have
fast visual feedback and shorter rendering times, we use pro-
gressive path tracing implemented on the GPU using the Op-
tiX framework [PBD∗10]. We shortly cover the steps that
we took to obtain an interactive appearance prediction tool
based on this framework.
We validate our appearance model by qualitative compar-
ison of rendered results with a photograph of a commercial
unfiltered apple juice (Figure 1). As the visual similarity of
rendered and photographed juice is better with some param-
eter settings than others, we can use our appearance model
to roughly estimate what the parameters might have been
during production of the photographed juice.
2. Appearance Model
The model we present for apple juice is intended for un-
filtered press juices. Consequently, we model it simply as
apple particles in clear apple juice. To obtain complex re-
fractive indices for these constituents, we exploit that the
imaginary part is directly related to the absorption of the
material [FCJ07]. The absorption of the apple particles and
juice both depend on how the apples are handled, and on
whether anything is done to prevent the enzymatic browning
that naturally takes place when apples are peeled, bruised, or
pressed in an oxidative environment.
Host. Fruit juices have a significant amount of dissolved
solids (mostly sugars [HRC09]). The total concentration of
soluble solids X influences the real part of the refractive in-
dex of the host. This concentration is typically measured in
degrees Brix (°Bx), which is the weight percentage of dis-
solved solids, and it depends on the ripeness of the harvested
fruits. More ripe fruits have a higher sugar content. We use
two measurements from Genovese and Lozano [GL06] to
find a correction for the real part of the refractive index of




water(λ)+0.0016 dlg X ,
where λ is the wavelength of the light (in vacuo). For the
imaginary part of the refractive index, we use the different
absorbance spectra of browned clarified apple juice reported
by Beveridge et al. [BFH86, Fig. 4A]. As the wavelength
increases, the absorbance values become smaller and more
uncertain. Since they should not decrease below the absorp-
tion of water, we convert them to absorption coefficients and
gradually blend them with the absorption spectrum of water
in the range of wavelengths from 400 nm to 700 nm. The










[nm] 4 days 9.5 days 9.5 days 27 days
peeled
375 1.58 · 10−6 1.03 · 10−6 2.20 · 10−6 3.20 · 10−6 1.14 · 10−5
400 1.69 · 10−6 1.10 · 10−6 2.35 · 10−6 3.41 · 10−6 1.02 · 10−5
425 6.78 · 10−7 8.92 · 10−7 1.39 · 10−6 2.78 · 10−6 1.08 · 10−5
450 4.47 · 10−7 8.25 · 10−7 1.17 · 10−6 2.68 · 10−6 1.15 · 10−5
475 4.08 · 10−7 7.18 · 10−7 9.79 · 10−7 2.19 · 10−6 9.83 · 10−6
500 3.97 · 10−7 5.50 · 10−7 7.33 · 10−7 1.44 · 10−6 8.36 · 10−6
525 3.51 · 10−7 3.65 · 10−7 5.06 · 10−7 8.71 · 10−7 3.59 · 10−6
550 2.53 · 10−7 2.43 · 10−7 3.04 · 10−7 5.05 · 10−7 2.54 · 10−6
575 1.67 · 10−7 1.67 · 10−7 1.84 · 10−7 3.09 · 10−7 1.92 · 10−6
600 1.06 · 10−7 1.13 · 10−7 1.13 · 10−7 1.90 · 10−7 1.52 · 10−6
625 6.78 · 10−8 8.22 · 10−8 7.64 · 10−8 1.18 · 10−7 1.41 · 10−6
650 4.74 · 10−8 6.23 · 10−8 5.24 · 10−8 7.22 · 10−8 1.47 · 10−6
675 3.70 · 10−8 4.63 · 10−8 3.91 · 10−8 4.58 · 10−8 1.78 · 10−6
700 3.48 · 10−8 3.48 · 10−8 3.48 · 10−8 3.48 · 10−8 6.13 · 10−7
725 8.59 · 10−8 8.59 · 10−8 8.59 · 10−8 8.59 · 10−8 2.08 · 10−7
750 1.47 · 10−7 1.47 · 10−7 1.47 · 10−7 1.47 · 10−7 1.78 · 10−7
775 1.49 · 10−7 1.49 · 10−7 1.49 · 10−7 1.49 · 10−7 1.58 · 10−7
Table 1: Absorption of clarified apple juice (host) [BFH86]
and apple flesh (particles) [LCHA10] reported in the form
of the imaginary part of the index of refraction.
Particles. We model the apple particles as browned ap-
ple flesh. The real part of the refractive index of the ap-
ple particles was estimated by Benitez et al. [BGL07] to be
n′part(λ) = 1.487. For the imaginary part, we use the absorp-
tion spectrum measured by Lu et al. [LCHA10] for bruised
apple tissue (two days after bruising). These measurements
are in the range of wavelengths from 500 nm and up. For the
shorter wavelengths, we use the absorption spectrum mea-
sured for apple flesh by Saeys et al. [SVRT∗08]. The two
curves fit fairly well together, so we assume that the bruising
mostly affects absorption at wavelengths from 500 nm and
up. The combined spectrum that we use is in Table 1. The
size distribution of the apple particles is typically bimodal
[Bev02]. Smaller particles (diameter of less than around 0.65
µm) will stay suspended, while larger particles will sediment
during storage and will require the juice to be shaken to
be resuspended. We use a bimodal particle size distribution
measured for a centrifuged apple juice [ZPDG94, Bev02].
3. Rendering Method
Our outset is unidirectional path tracing [Kaj86, PH10].
We use Russian roulette to terminate paths probabilistically
(based on material absorption) and to choose between re-
flection and refraction in the case of transparent materi-
als [AK90]. Our scene is composed of four different kinds
of materials: emissive, diffuse, glass, and liquid. For accurate
rendering, we assign liquid/air, glass/air, and liquid/glass in-
terfaces to the specular surfaces in our scene.
When path tracing specular surfaces, we use the laws of
reflection and refraction with Fresnel reflectance as the prob-
ability of reflection. To account for glass absorption, we use
an RGB absorption coefficient for crown glass σa,glass =
(1.87,1.86,3.01)m−1 that we calculated from n′′ of Schott
N-K5 glass. Since the drinking glass is not transmittance-
© 2016 The Author(s)
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(a) (b)
Figure 2: The scattering process using shadow rays. Each
shadow ray has a sampled direction (sampled with the
Henyey-Greenstein phase function) and length (from an ex-
ponential distribution of average σt ). The random walk ei-
ther (a) exits the material and the path continues or (b) suf-
fers an absorption event and the path is terminated.
optimized optical glass, we scaled the absorption coefficient
by 8. The average over the color bands of the beam transmit-
tance Tr = e−σa,glass s, where s is the distance traveled through
the glass medium, is then the probability that the path con-
tinues through the glass without being terminated.
The cloudy beverage is considered a specular material, but
it also contains light scattering particles. When a ray passes
through this medium (after refracting into it or after inter-
nal reflection), we perform a volumetric scattering process
as illustrated in Figure 2. This is done by a stochastic walk
inside the medium based on the scattering properties (scat-
tering and extinction coefficients, σs and σt , and asymmetry
parameter, g) that we obtain from the Lorenz-Mie theory. At
each step of the walk, we use the scattering albedo σs/σt
in a Russian roulette as the probability of the path surviving
without being absorbed. We discard the whole walk if the
ray is absorbed. If the ray is not absorbed, we sample the
distance to the next scattering event using s = − ln(ξ)/σt ,
where ξ ∈ (0,1) is a uniform random variable. If s is beyond
the surface of the medium, the next scattering event is inter-
action with the surface in the usual way. If not, we sample a
new scattering direction using the Henyey-Greenstein phase
function [PH10] (which is a function of g). To improve effi-
ciency, we randomly pick one RGB components when per-
forming the scattering process, and all tracings inside the
medium are done with shadow rays using the distance to the
next scattering event as the maximum trace distance.
4. Materials
To capture a reference photograph, we set up a scene con-
sisting of a drinking glass with unfiltered apple juice placed
on a neutral white surface with a neutral white background.
The glass was illuminated by a large diffuse light source at
a 45◦ angle. We used a standard digital single-lens reflex
(DSLR) camera with a 50 mm lens. The light source was a
Bowens BW3370 100W Unilite, which is a compact fluores-
cent light source with a correlated color temperature (CCT)
of 6400 K. This is fairly close to the equal energy point
4 days 9.5 days 9.5 days 27 days
peeled
0.0 g/l 0.1229 0.1190 0.1271 0.1568
0.1 g/l 0.0583 0.0622 0.0836 0.1311
0.2 g/l 0.0457 0.0570 0.0821 0.1316
0.5 g/l 0.0352 0.0561 0.0832 0.1338
1.0 g/l 0.0332 0.0537 0.0799 0.1307
2.0 g/l 0.0376 0.0494 0.0711 0.1211
Table 2: RMSE for a patch of color in the lower part of
the glass. We note a minimum error around the 0.5-1.0 g/l
concentration and 4 days storage time.
(E with x = y = 1/3) in the chromaticity diagram, which is
also the reference white point of the CIE RGB color space.
We thus model our light source as being purely white, and
convert the spectral optical properties obtained from our ap-
pearance model to CIE RGB using the RGB color matching
functions reported by Stockman and Sharpe [SS00].
The apple juice is an unfiltered press juice from Orskov
Foods with a sugar content of 10 g per 100 ml. We esti-
mated X = 11.25 g/dl as the juice also contains pectin, or-
ganic acids, and salts in addition to the sugar [GL06], and
with this X we get n′host equal to one previously measured
for regular pressed cloudy apple juice [BGL07].
5. Results
We rendered our scene with various model parameter set-
tings. These renderings are in Figure 3 and were progres-
sively updated for 5,000 frames. We used this data material
for comparing with the photograph in Figure 1. In a qualita-
tive visual comparison, we found that the photograph most
closely resembles renderings with concentration in the 0.5-
1.0 g/l range and a storage time of 4 days. For quantitative
comparison, we used an image patch covering the lower part
of the glass and the nearby part of the caustic. As a met-
ric, we used root-mean-squared error (RMSE). The results
are in Table 2. These measurements place the concentration
between 0.5 g/l and 1.0 g/l, slightly leaning towards the lat-
ter and confirming our qualitative comparison. In the ren-
derings, visual effects due to total internal reflection are too
prominent toward the sides in the upper part of the glass.
This part of the modeled glass is probably too thin.
Our implementation of the method, based on Op-
tiX [PBD∗10], runs progressively on the GPU, with an av-
erage frame rate of 12 frames per second on an NVIDIA
GeForce 780 Ti card. This enables us to get nearly converged
results in less than 10 minutes. A visual comparison of the
main liquid is possible within a minute (~600 frames), while
full convergence takes much longer (105 frames in Figure 1).
6. Discussion
By combining existing techniques in our framework, we en-
able interactive testing of the influence of different produc-
© 2016 The Author(s)





















4 days 9.5 days 9.5 days 27 days
peeled
Figure 3: Renderings with two parameters being varied:
particle concentration and apple storage period.
tion parameters on the appearance of a cloudy beverage. Our
case study enables approximate simulation of the appearance
of cloudy apple juice during production. However, we can-
not match the photograph perfectly, and can thus only give a
rough estimate of the parameters. As a possible future step,
we want to improve precision by better estimating scene ge-
ometry, camera parameters, and lighting environment.
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